Abstract Reticulate evolution is an important driving force of angiosperm evolution. It has been proposed as an important evolutionary process in Vitis L. subgenus Vitis. Events of natural hybridization and introgression of several taxa native to North America have been hypothesized and discussed. However, there is no convincing evidence of reticulate evolution reported for closely related Vitis taxa from East Asia. We aim to explore natural hybridization and introgression among four closely related Vitis taxa from East Asia (V. amurensis Ruprecht, V. romanetii Romanet du Caillaud, V. shenxiensis C. L. Li, and V. piasezkii Maximowicz) with the restriction-site associated DNA sequencing technique. A total of 46 accessions, covering the potential morphological and geographic variation of each species, are sequenced. Our results show a complex evolutionary pattern of the four Vitis species. The phylogenetic inference suggests that V. amurensis is monophyletic, however, V. romanetii, V. shenxiensis, and V. piasezkii do not appear to be monophyletic. Significant signals of introgression in some accessions have been detected by population structure analyses. D-statistics analysis and population structure analyses support the presence of introgression between V. shenxiensis/V. piasezkii and V. romanetii in sympatric populations, but a strong signal of admixture has not been recognized between distantly located populations. Our results provide strong evidence of reticulate evolution among V. romanetii, V. shenxiensis, and V. piasezkii.
Introduction
Reticulate evolution (e.g., horizontal gene transfer, introgression, and hybridization) has been considered an important driving force of angiosperm evolution with recombination of traits to accelerate the process of adaptation to new environments (Ellstrand & Schierenbeck, 2000; Davis & Wurdack, 2004; Seehausen, 2004; Vriesendorp & Bakker, 2005; Barton, 2010; Mallet et al., 2016; Nierbauer et al., 2017) . Approximately 25% of the species of flowering plants, especially the species in rapidly radiating groups, are considered to involve in natural hybridization and introgression with other species (Mallet, 2005 (Mallet, , 2007 . The prevalence of natural hybridization and introgression facilitates speciation and adaptive radiation in plants (Mallet, 2007; Pennisi, 2016; Abbott, 2017) . However, hybrid speciation and gene flow among closely related species could lead to some difficult problems concerning taxonomic treatments and phylogenetic inferences (Arnold, 1997; Vriesendorp & Bakker, 2005; Soltis & Soltis, 2009) . Reticulate phylogenies of closely related species caused by hybridization and introgression are challenging the traditional concept of species (Mallet et al., 2016; Pennisi, 2016) . Understanding the patterns and processes of reticulate evolution is important for clarifying evolutionary processes and interspecific relationships of closely related taxa (Soltis & Soltis, 2009; Liu et al., 2014) .
The domesticated grape (Vitis vinifera L.) and its wild relatives have long been recognized as important fruit crops (Myles et al., 2011) . The grape genus (Vitis L.) is a highly important germplasm resource for improving cultivated grapes. It consists of ca. 70 species that are mainly distributed in North America, Europe, and East Asia Liu et al., 2016) . There are two subgenera in Vitis: subgenus Vitis and subgenus Muscadinia (Planch.) Rehder (Wen, 2007) . All species in subgenus Vitis are diploid (2n ¼ 38) without significant genetic barriers, and some fertile interspecific hybrids have been produced by artificial crossing (Mullins et al., 1992; Tr€ ondle et al., 2010) . Some Vitis species (e.g., V. californica Benth., V. girdiana Munson, V. jacquemontii R. Parker, V. labrusca L., and V. vulpina L.) may hybridize with wild and cultivated grapes (Booth, 1911; Olmo & Koyama, 1980; Tr€ ondle et al., 2010; Aradhya et al., 2013; Wan et al., 2013; Wen et al., 2018) . Reticulate evolution has been proposed as an important evolutionary process in subgenus Vitis Wan et al., 2013; Moore & Wen, 2016) . Wan et al. (2013) showed extensive reticulate evolution among many Vitis species by NeighborNet analysis and suggested that reticulation and/or incomplete lineage sorting might have caused difficulties in resolving phylogenetic relationships in Vitis. Significant gene flow has been reported between East Asian and North American Vitis species (Tr€ ondle et al., 2010; Aradhya et al., 2013) . Furthermore, intense introgression among North American species has also been detected , and hybrid origins of several taxa native to North America have been proposed or inferred (Galet, 1988; Moore, 1991; P eros et al., 2011; Miller et al., 2013; Moore & Wen, 2016) . Three named hybrid taxa from North America have been documented: V. Â champinii, V. Â doaniana, and V. Â novae-angliae (Galet, 1988; Moore, 1991; Moore & Wen, 2016 ). P eros et al. (2011 further confirmed the hybrid hypothesis and suggested that V. Â champinii and V. Â doaniana were spontaneous hybrids based on molecular evidence. Miller et al. (2013) indicated that V. acerifolia Raf. might be of hybrid origin and inferred that one of the parents of this species was V. riparia Michaux or V. rupestris Scheele. However, there has been no substantial support on natural hybridization and introgression events among East Asian species, largely due to limited gene sequences and DNA loci offering insufficient informative characters in previous studies. The reticulate evolution within Vitis species from East Asia is still largely unexplored.
The four species we selected in this study (i.e., V. amurensis Ruprecht, V. romanetii Romanet du Caillaud, V. shenxiensis C. L. Li, and V. piasezkii Maximowicz) represent very close relatives. However, due to morphological plasticity and overlapping distribution, the taxonomic status of the four species, especially that of V. shenxiensis and V. piasezkii, has been highly controversial (Li et al., 1996; Niu & He, 1996; Li, 1998; Chen et al., 2007; Wan et al., 2008) . Li et al. (1996) suggested that V. shenxiensis and V. piasezkii were separate species. Some researchers (e.g., Kong, 2004; Chen et al., 2007) also supported recognizing the morphotype similar to V. piasezkii with glandular trichomes as a separate species, V. shenxiensis. However, Niu & He (1996) argued that V. piasezkii might be a polyphyletic species and the morphotype comparable with V. piasezkii but possessing glandular trichomes should be recognized as a variety of V. piasezkii. We hypothesize that interspecific hybridization and introgression preceding and during adaptive radiations could have resulted in similar or intermediate morphological characters among V. amurensis, V. romanetii, V. shenxiensis, and V. piasezkii. The hypothesis that V. shenxiensis represents a hybrid species between V. romanetii and V. piasezkii based on intermediate morphology and overlapping geographic distribution clearly needs to be tested. Furthermore, another hypothesis suggests that the three Vitis species (V. romanetii, V. shenxiensis, and V. piasezkii) represent one large panmictic species complex or morphologically highly plastic species.
A large number of DNA loci across the genome are necessary for better understanding of reticulate evolution among closely related taxa (Twyford & Ennos, 2012) . Restriction-site associated DNA sequencing (RAD-seq) is a technique that combines the next generation sequencing platform with thousands of restriction sites that are digested by restriction enzymes and distributed randomly throughout the genome to generate millions of DNA loci easily, rapidly, and cost-effectively (Baird et al., 2008; Davey & Blaxter, 2010) . In recent years, RAD-seq has been used to investigate interspecific hybrid events at genome-wide level in fishes (Hohenlohe et al., 2011; Jones et al., 2013) , mammals (Rutledge et al., 2015) , molluscs (Razkin et al., 2016) , and corals (Combosch & Vollmer, 2015) . Natural hybridization and introgression in flowering plants have also been inferred using RAD-seq data (Eaton & Ree, 2013; Penjor et al., 2016; Yang et al., 2016; Vargas et al., 2017) . For example, Eaton & Ree (2013) constructed the phylogeny of Pedicularis L. sect. Cyathophora and revealed the interspecific introgression within sect. Cyathophora. Vargas et al. (2017) detected significant signals of introgression within the genus Diplostephium H. B. Knth and inferred that reticulate evolution played a major role in its rapid radiations. Thus, RAD-seq can be considered a promising technique to infer reticulate evolution among closely related taxa in angiosperm.
The four species of East Asian Vitis (V. amurensis, V. romanetii, V. shenxiensis, and V. piasezkii) represent an excellent model to test events of reticulate evolution of closely related taxa, based on our extensive morphological observations and field studies. In this study, we aim to test potential reticulate evolution in the four closely related Vitis species by using the RAD-seq technique.
Material and Methods

Sampling and library preparation A total of 46 individuals representing four taxa of East Asian
Vitis and V. vinifera (as the outgroup) were collected for morphological and molecular analyses (Table S1 ). These samples were obtained from Heilongjiang, Jilin, Shaanxi, Henan, and Hubei provinces in China. Each taxon was extensively sampled to include potential morphological and geographic variation. Genomic DNA was isolated from fresh or frozen young leaves that were immediately preserved with dry ice in the field, using a modified CTAB extraction protocol (Doyle & Doyle, 1987; Lodhi et al., 1994) . Total genomic DNA from each sample was digested by restriction enzyme EcoRI. The compatible ends of digested product were ligated to a Solexa P1 adapter (Illumina, San Diego, CA, USA) containing forward amplification and Illumina sequencing primer sites, as well as individual-specific barcode sequences of 6 bp for sample identification. All barcode sequences were designed to be different in at least two nucleotides between samples to avoid sample mis-assignment due to sequencing error. Subsequently, the adapter-ligated fragments were pooled, randomly sheared, and size-selected. A Solexa P2 adapter was ligated onto the ends of DNA fragments and the fragments of 200-400 bp were collected for RAD-seq libraries construction. We then constructed individual libraries for each sample and used a Qubit2.0 kit (Life Technologies, Carlsbad, CA, USA) to analyze the quality of the libraries. Finally, paired-end sequencing was carried out on an Illumina Hi-Seq X-Ten platform with the read length of 150 bp at each end.
Quality control of sequencing data
To ensure data availability and avoid artificial bias, sequence reads were quality controlled and filtered using our in-house script in Perl before mapping with the following criteria: (i) reads with adapter contamination were removed and ensured reads not containing adapter sequences; (ii) reads with !10% unidentified nucleotides were removed; (iii) reads with >50% bases having Phred quality <5 were removed; and (iv) reads were checked for presence of the partial 5-bp EcoRI motif (AATTC). The restriction enzyme-captured RAD-tags were mapped to the V. vinifera reference genome (Jaillon et al., 2007) using the Burrows-Wheeler Aligner software ) with the parameter settings as "mem Àt 4 Àk 32 ÀM" and then generated BAM alignment files by the SAMtools package ). The aligned reads were further filtered with "SAMtools rmdup" to remove putative duplication reads that were generated by polymerase chain reaction amplification during library construction. We also removed multi-mapped reads.
Single nucleotide polymorphism calling
To identify single nucleotide polymorphism (SNP) markers for the subsequent analyses, we detected the individual SNP variations from the sequenced RAD-tag using a Bayesian approach as implemented in the package SAMtools with the following parameter as "mpileup Àq 1 ÀC 50 Àt SP Àt DP Àm 2 ÀF 0.002" . To reduce the error rate in SNP detection and to exclude potential error caused by paralogous genes, we filtered the results with the following: (i) SNPs that were located in regions not passing all previous filtering criteria were removed; (ii) the mapping quality of each SNP should be >20; (iii) SNPs with more than two alleles in all samples were removed; and (iv) the number of support reads for each SNP should be >4 and <200.
Phylogenetic and population structure analyses
The maximum-likelihood (ML) method was implemented using RAxML version 8.0.19 (Stamatakis, 2014) to construct phylogenetic trees using the general time-reversible model of nucleotide substitution with gamma distributed rate heterogeneity. Population structures were examined using an expectation maximization algorithm with 10 000 iterations for each run, as implemented in the program frappe (Tang et al., 2005) .
D-statistics analysis
To detect whether hybridization and introgression occurred within subgenus Vitis in East Asia, the D-statistics analysis (ABBA-BABA tests) (Green et al., 2010; Durand et al., 2011) was performed with the AdmixTools software package (Patterson et al., 2012) . We calculated D-statistics based on SNP frequency differences of "ABBA" and "BABA" patterns for three combinations in the phylogeny. The standard error for D was calculated using the jackknife procedure and then the Dstatistic was transformed to Z-score (Patterson et al., 2012) . If two patterns were expected to have equal frequencies, there was no gene flow between two of the taxa sampled in this analysis. Alternatively, if the frequencies of the two patterns were not expected to be equal and the frequency of one of the patterns was significantly higher than the other, hybridization and introgression between two of the taxa were then inferred (Durand et al., 2011; Eaton & Ree, 2013) . 
Results
Generation of RAD-tags and data filtering
Our RAD-tag sequencing generated ca. 111.16 GB raw data and after quality filtering, we obtained ca. 107.32 GB clean data with an average of ca. 2.33 GB per sample (effective rate of 96.4%) ( Table S2) . The sequencing quality of the RAD-seq data was high, as the Q20 and Q30 of each sample were above 95.41% and 89.39%, respectively (Table S2 ). The GC content was stable, ranging from 34.54% to 37.67% (Table S2) . After mapping the RAD-tags onto the reference genome (Jaillon et al., 2007) , and removing the duplication reads and multimapped reads, we obtained ca. 401 million uniquely mapped reads (Table S3 ). Totally, we identified 915 481 SNPs for the subsequent analyses (Data S1).
Phylogenetic reconstruction
The ML trees were reconstructed based on the genomewide SNPs from RAD sequencing of the four closely related taxa of East Asian Vitis (Figs. 1, S1 ). The phylogenetic inference supported the monophyly of V. amurensis (BS ¼ 100%) and recognized the sister relationship between V. amurensis and the group included V. romanetii, V. piasezkii, and V. shenxiensis (Figs. 1, S1 ). However, accessions of V. shenxiensis were found to be intermixed with accessions of V. romanetii and V. piasezkii. The closely related species (V. piasezkii and V. shenxiensis) did not appear monophyletic with high bootstrap support values (Figs. 1, S1 ). It was noted that all the accessions of V. romanetii and one accession of V. shenxiensis (accession Liu 410) formed a monophyletic group (BS ¼ 100%) (Figs. 1, S1 ).
Population structure analysis
Population structure analyses were undertaken to estimate individual ancestry and admixture proportions in each species based on RAD data. The varying number of ancestral populations (K) from 2 to 4 for the four species was inferred by frappe software and showed genetically distinct clusters (Fig. 2) . With K ¼ 2, two separate genetic clusters were observed: V. amurensis and the admixture group that included V. romanetii, V. shenxiensis, and V. piasezkii. With K ¼ 3, V. romanetii was separated from V. shenxiensis and V. piasezkii with some level of admixture among them. However, V. shenxiensis and V. piasezkii were not divided into two clusters with K ¼ 4. In order to compare genetic admixtures among different populations of V. romanetii, V. shenxiensis, and V. piasezkii, a K of 2 to 3 for these three species was inferred (Fig. 3) . These individuals that showed evidence of admixture were more frequent in populations of Shaanxi than in the populations of Henan and Hubei (K ¼ 2). It was noted that there were only two accessions in populations of Henan that showed significant admixture signals with K ¼ 2.
D-statistics analysis
The D-statistics analysis (ABBA-BABA test) was carried out based on the RAD-seq data in this study to detect introgression among sympatric populations and between distantly located populations of V. romanetii, V. shenxiensis, and V. piasezkii, using V. vinifera as the outgroup. Significant signals of introgression between the population of V. shenxiensis/V. piasezkii and the population of V. romanetii in Shaanxi province were found with high Z-scores (13.65 and 7.49, respectively) (Table 1) . However, there was no significant evidence of gene flow between the population of V. shenxiensis/V. piasezkii in Henan province and the population of V. romanetii in Shaanxi province (Table 1 ). The analysis confirmed that there was gene flow among sympatric populations of V. romanetii, V. shenxiensis, and V. piasezkii, which could not be explained by incomplete lineage sorting. 
Discussion
4.1 Molecular evidence for reticulate evolution of four Vitis species from East Asia Aradhya et al. (2013) suggested that the reproductive isolation mechanisms were not fully developed among most species of subgenus Vitis to prevent natural hybridization and introgression. There is a relatively high degree of overlapping in geographic distributions, elevations, habitats, and flowering periods of V. amurensis, V. romanetii, V. shenxiensis, and V. piasezkii (Chen et al., 2007) . Such strong overlapping might increase opportunities for natural hybridization and introgression among these species. With the RAD-seq data of 46 Vitis accessions, we have tested the reticulate evolution of the four species. The phylogenetic analysis suggests that V. amurensis is separated from the other species and constitutes a monophyletic group with high bootstrap values (Figs. 1, S1 ). However, accessions of V. romanetii, V. shenxiensis, and V. piasezkii are intermixed and none of the species forms a monophyletic group, suggesting a complex relationship among the three taxa (Figs. 1, S1) .
The population structure analysis shows that V. amurensis and V. romanetii are separated from V. shenxiensis and V. piasezkii, respectively. However, V. shenxiensis and V. piasezkii cannot be divided into two clusters (Fig. 2) . Some accessions of the four species show evidence of admixture (Fig. 2) , which might be attributable to recent introgression events and/or incomplete lineage sorting. Introgression is expected to occur more frequently in sympatric populations or among parapatric populations than among distantly located populations; in contrast, incomplete lineage sorting is expected to result in evenly shared ancestral polymorphism in all populations (Muir & Schl€ otterer, 2005; Zhou et al., 2017) . In order to explore whether the genetic variation shared among V. romanetii, V. shenxiensis, and V. piasezkii is caused by introgression or not, we compared patterns of genetic diversity between sympatric populations and allopatric populations of these three species. Admixture in populations of Shaanxi (sympatric populations) is more frequent than in populations of Henan, which can be regarded as allopatric populations of V. shenxiensis and V. piasezkii due to only one accession of V. romanetii in Henan in this study (Fig. 3, K ¼ 2) . Although incomplete lineage sorting cannot be completely ruled out in our case, our results suggest that the genetic variation shared among V. romanetii, V. shenxiensis, and V. piasezkii more likely results from introgression events rather than incomplete lineage sorting. The D-statistics analysis also supports the presence of introgression between V. shenxiensis/V. piasezkii and V. romanetii in sympatric populations (populations in Shaanxi), but introgression has not been recognized between distantly located populations (between populations in Shaanxi and in Henan) (Table 1) .
Some accessions recognized as "pure" V. romanetii (e.g., accessions Liu 671 and Liu 703) or V. piasezkii (e.g., accessions Liu 010, Liu 423, and Liu 683) based on morphological observations are suggested to be hybrid individuals, which have been confirmed by significant signals of introgression (Figs. 2, 3) . Thus, introgression is bidirectional between V. romanetii and V. piasezkii and might not cause intermediate Fig. 3 . Population structure analysis of three East Asian Vitis species. The number of ancestral populations (K) from 2 to 3 is inferred by frappe and the clustering of sample into two to three groups. The length of each colored segment represents the proportion of ancestral populations at genome level. Signals of introgression between Y and either W or X are detected using a Z-score. Definition of "BABA" event: W and Y alleles agree, and the X and Z alleles agree, whereas the W and X alleles are distinct. Definition of "ABBA" event is similar, with the W and Z alleles in agreement. The D-statistics analysis supports the presence of gene flow between V. shenxiensis/V. piasezkii and V. romanetii in sympatric populations. SH, Shaanxi province; HN, Henan province.
morphologies. In contrast, three accessions of V. romanetii (accessions Liu 476, Liu 677, and Liu 698) show partial morphological similarity to V. piasezkii or V. shenxiensis. Accessions Liu 476 and Liu 677 possess undivided to 3-5 lobed leaves, or deeply cleft approaching palmately compound leaves (Figs. 4A-4C ). Glandular trichomes on stems of accession Liu 698 are red and short, which is similar to that of V. shenxiensis (Fig. 4D) . However, the three accessions show relatively weak signals of introgression with V. piasezkii or V. shenxiensis (Figs. 2, 3) . Whether the occurrence of intermediate morphological features between V. romanetii and V. piasezkii/V. shenxiensis in the three accessions is caused by hybrid events or not should be further assessed based on morphological, molecular, and ecological evidence.
Taxonomic status of four East Asian Vitis species
The similar morphology and overlapping geographic distribution among V. amurensis, V. romanetii, V. shenxiensis, and V. piasezkii present a significant taxonomic challenge (Chen et al., 2007) . With all accessions of V. amurensis grouping together as a monophyletic group (Fig. 1) and showing relatively weak evidence of admixture in population structure analyses (Fig. 2) , our results clearly support the species status of V. amurensis. The population structure analyses suggest that few accessions of V. romanetii show strong signals of introgression, which indicates that V. romanetii is best recognized as a separate species, although it has gene flow with V. piasezkii or V. shenxiensis (Figs. 2, 3 ). This result is also supported by the phylogenetic inference using the ML method, as only one accession (Liu 410) of V. shenxiensis is nested within the V. romanetii group in the ML tree (Figs. 1,   S1 ), and signals of introgression with V. romanetii of the accession have been identified by the population structure analyses (Figs. 2, 3 ). Many accessions of V. romanetii, V. piasezkii, and V. shenxiensis collected in Shaanxi province show significant signals of introgression by the population structure analysis (Fig. 3) , suggesting extensive natural hybridization and introgression among these species in sympatry. Vitis shenxiensis is a presumed hybrid, due to the fact that it possesses intermediate morphological features between V. romanetii and V. piasezkii. The stems of V. shenxiensis are covered with sparse to dense short glandular trichomes and without long simple trichomes, and the leaves of V. shenxiensis are conspicuously 3-5 lobed, or deeply cleft approaching palmately compound. The stems of V. romanetii are covered with dense long glandular trichomes and long simple trichomes, and the leaves of V. romanetii are slightly 5-lobed or undivided. The stems of V. piasezkii do not have glandular trichomes and the leaves of V. piasezkii are unlobed, or variously lobed, to palmately compound with 3-5 leaflets (Chen et al., 2007; Ma et al., 2016) (Fig. 5) . Only one accession of V. romanetii from Henan province was found in this study, and the population structure analysis of V. piasezkii and V. shenxiensis shows no or little gene flow with V. romanetii in Henan province (Fig. 3) . This may be due to the extremely small number of individuals of V. romanetii in sympatry. This result rejects the hypothesis that V. shenxiensis is a hybrid between V. romanetii and V. piasezkii. The most important morphological distinction between V. piasezkii and V. shenxiensis is the presence of glandular trichomes on stems and petioles in the latter (Li et al., 1996; Chen et al., 2007; et al., 2016) . However, the glandular trichomes might not be stable on the vegetative organs of some Vitis species, such as V. chunganensis Hu, V. labrusca, and V. rotundifolia (Moore, 1991; Ma et al., 2016; Moore & Wen, 2016) . We suggest careful assessment of using the presence/absence of glandular trichomes to differentiate species in Vitis. However, the population structure analysis (K ¼ 4) indicates that V. piasezkii and V. shenxiensis are not divided into two different clusters (Fig. 2) . Our data thus argue for the need to reassess the species status of V. shenxiensis, as it might not be distinguishable from V. piasezkii, and the two "taxa" are often sympatric (Wen J, 2017, pers. obs.) . Further integrative systematic studies (Wen et al., 2015 (Wen et al., , 2017 are needed to assess the taxonomic status of V. shenxiensis based on detailed morphological, phylogenomic, ecological, and geographic data. 
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